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This paper reports the successful extension of the basis of the X-ray multiple
diffraction phenomenon in the assessment of structural phase transitions and
the determination of thermal expansion coefficients along three crystallographic
directions, using synchrotron radiation Renninger scans. Suitable simultaneous
four-beam cases have accurately resolved the lattice-parameter variation in a
nearly perfect single-crystal Rochelle salt using a high-stability temperature
apparatus. Secondary reflections observed in the Renninger patterns, chosen by
their sensitivity to the shifts in angular position as a function of temperature,
have allowed the detection of a monoclinic to orthorhombic phase transition, as
well as subtle expansions of all the basic lattice parameters, i.e. without having to
carry out measurements on each crystal axis. The thermal expansion coefficients
have been estimated from the linear fit of the temperature dependence of the
lattice parameters, and are in agreement with those reported in the literature.
1. Introduction
Thermal expansion is a very well known material property
that indicates the tendency of matter to change its original
length (in one, two or three dimensions) in response to a
change in temperature. Different materials expand upon
heating by different amounts. This difference can be char-
acterized by a material-dependent parameter, the thermal
expansion coefficient, which is defined as the fractional
increase in length, for a given linear dimension, per unit rise in
temperature at constant pressure (Ho & Taylor, 1998).
Several intrinsic material properties, including those most
significant to microelectronic technology such as band gap
(optical and electronic) and mobility of charge carriers, are
significantly altered by temperature and by lattice stress/strain
effects originating in the different thermal expansion coeffi-
cients close to the interfaces between different materials. This
can critically influence the performance of devices. In this
context, it is of fundamental technological importance to
quantify, with high precision, the thermal expansion coeffi-
cients of the different materials that compose hetero-
structures, for instance.
Two physical quantities determine thermal expansion
coefficients: the change in length and the variation in
temperature. Usually, the coefficients are inferred for each
crystallographic direction by different macroscopic methods
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such as mechanical dilatometry, interferometry, optical
imaging and thermomechanical analysis. X-ray diffraction
techniques are also commonly used, but in this case to eval-
uate changes in lattice parameters. However, conventional
X-ray diffraction (two beams, incident and diffracted) gener-
ally provides one-dimensional (symmetrical rocking curves)
and two-dimensional (asymmetric rocking curves and reci-
procal-space maps) information. In order to measure all the
lattice parameters using different sets of crystallographic
planes, the passage from one geometry to another with a
corresponding realignment of the sample is necessary, making
this a reasonably time-consuming procedure.
The ideal would be to obtain three-dimensional information
about the structure and crystal lattice deformations with
temperature in a single measurement. Fortunately, there is a
technique capable of addressing such a need: X-ray multiple
diffraction (XRMD) (Luh & Chang, 1988; Chang, 2004). This
versatile and high-resolution technique has been developed
and successfully applied as a three-dimensional microprobe,
since a typical single pattern shows several multiple diffraction
peaks, each one supplying information on different lattice
directions within the crystal being analysed.
XRMD has provided many useful contributions to physics
and materials science. It has been applied to study dislocations
at the interface plane of a GaAs layer on top of an Si(001)
substrate (Morelha˜o & Cardoso, 1993), growth and capping of
InAs/GaAs quantum dots (QDs) with the detection of
misorientation in the cap-layer lattice faceting the QDs
(Freitas et al., 2009), and single-crystal habit modifications due
to the incorporation of impurities at the lattice sites (Lai et al.,
2003). It has also allowed the accurate determination, using
synchrotron radiation, of the piezoelectric coefficients of
organic crystals based on symmetry changes in an applied
electric field (Avanci et al., 1998, 2000; dos Santos et al., 2003).
The use of synchrotron radiation was of extreme importance
owing to the features of high intensity and low angular
divergence provided by this type of beam.
Elucidation of the anisotropic strain effects caused by the
formation of FeSi2 nanoparticles in an Si(001) host lattice has
also been reported using this technique (Lang et al., 2013). As
the lattice symmetry plays a fundamental role in XRMD, it has
enough sensitivity to detect subtle lattice distortions origi-
nating from any symmetry change (Calligaris et al., 2016).
More recently, XRMD was employed in studies of epitaxial
bismuth telluride topological insulator films where in-plane
lattice mismatches were characterized with an accuracy at
least 20 times better than using other X-ray diffraction
methods (Morelha˜o et al., 2018).
Since lattice expansion with increasing temperature can
occur in all crystallographic directions within the crystal, we
have extended the application basis of XRMD for two parti-
cular studies: structural changes and the determination of
linear thermal expansion coefficients. In the present paper, the
capability of the XRMD technique using synchrotron radia-
tion to detect small changes in the lattice parameters (a, b
andc) induced by temperature is explored, for the first time,
to assess crystallographic phase transitions (in situ) and
thermal expansion. For this, we have applied multiple
diffraction patterns, called Renninger scans (primary intensity
as a function of  azimuthal angle), in order to analyse a single
crystal of Rochelle salt (KNaC4H4O64H2O) that is a well
known ferroelectric material with two Curie points at18C
and 24C. The ferroelectric phase is monoclinic (C22, space
group P2111), with lattice parameters a = 11.869 A˚, b =
14.316 A˚, c = 6.223 A˚ and  = 89.26, and occurs in the above-
mentioned temperature interval (Suzuki & Shiozaki, 1996;
Solans et al., 1997). Out of this temperature range, the crystal
presents an orthorhombic paraelectric phase (D32, space group
P21212), with lattice parameters a = 11.924 A˚, b= 14.298 A˚ and
c = 6.230 A˚ (Mo et al., 2015). According to the structural data,
the phase transitions of the Rochelle salt are pure order–
disorder transitions (second-order transitions) (Jona &
Shirane, 1962; Cady, 1964; Sandy & Jones, 1968). It is impor-
tant to know that when a phase transition occurs the a, b and c
axes do not interchange. However, the lattice parameter
values and thr internal  angle between the a and c axes are
changed.
XRMD primary and secondary reflections were appro-
priately chosen to enable monitoring of secondary peak
positions in the patterns. The 10 0 0 reflection was taken as the
primary one for the Renninger scans, and the secondary
reflection planes ð812Þ ð2 1 2Þ and ð241Þ ð12 4 1Þ, which are
simultaneously scattered, among others, were used to obtain
information about the phase transition (monoclinic to
orthorhombic) and the thermal expansion coefficients asso-
ciated with the three crystallographic directions. The multiple
diffraction versatility allowed us to obtain information on all
coefficients by using just one experimental setup for the
measurements.
2. X-ray multiple diffraction and the Renninger scan
For a complete understanding of the experimental results that
will follow, a brief discussion of the physical aspects of the
XRMD technique is now presented. The multiple diffraction
phenomenon arises when two or more sets of crystallographic
planes within a crystal simultaneously satisfy Bragg’s law for a
particular incident X-ray beam. For this to occur system-
atically, planes parallel to the crystal surface should be
adjusted in the ! angle (the angle of incidence relative to the
crystal surface) so that the normal to the planes is completely
aligned with a possible axis of azimuthal rotation, as shown in
Fig. 1(a). This azimuthal rotation is equivalent to rotating the
entire reciprocal lattice of the crystal around the Hp primary
reciprocal vector, leaving the crystal fixed. Under this
diffraction condition, which is known as the two-beam X-ray
Bragg diffraction case (incident and diffracted beams), two
nodes of the crystal reciprocal lattice touch the Ewald sphere
simultaneously (the sphere radius is 1/, where  is the
wavelength of the incident radiation). Thus, one has diffrac-
tion by the primary planes, i.e. a primary reflection indexed as
(hp, kp, lp).
Under  azimuthal angle rotation, around the Hp vector
which represents the normal to the primary planes and is
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defined by the reciprocal-lattice origin (000) and the primary
node (hp, kp, lp), several other secondary nodes (hs, ks, ls),
depicting planes (within the crystal) inclined with respect to
the crystal surface (defining the Hs secondary vector), touch
the Ewald sphere, entering into diffraction conditions simul-
taneously with the primary planes. One observes from Fig. 1(a)
that the primary and secondary nodes define another reci-
procal-lattice vector Hc = Hp  Hs, known as the coupling
vector, which connects the two nodes on the Ewald sphere
surface and only appears when the XRMD phenomenon
occurs. The coupling planes (hp  hs, kp  ks, lp  ls) provide
the interaction between the primary and secondary reflections
and are responsible for re-scattering the secondary beam in
the direction of the primary one, i.e. towards the detector.
The primary beam is monitored continuously during the
azimuthal rotation, being the register of the primary beam
intensity as a function of  angle, usually called a Renninger
scan (henceforth RS) (Renninger, 1937). In this pattern, a
series of positive (Umweganregung) and negative (Auf-
hellung) peaks appear symmetrically distributed on the
primary intensity (background), depending on whether the
interaction between the primary and secondary beams is
constructive or destructive, respectively. When one chooses a
primary reflection, if possible one forbidden by the crystal
space group, such as the (002) primary plane reflection in the
Si case, all interactions will produce only Umweganregung
peaks in the Renninger diagram, since the primary intensity is
zero. Thus, a scan at an exact multiple diffraction condition
will allow the observation of all possible secondary contribu-
tions as positive peaks.
A particular and very useful feature observed in an RS is
the symmetry mirror. A scan shows 2n symmetry mirrors
throughout the pattern (Chang, 2004). This is due to the two
kinds of symmetry involved: the n-fold symmetry of the
chosen primary reflection and the symmetry plane [twofold –
the plane of Fig. 1(a)]. The twofold symmetry is established by
the two diffraction conditions, represented by the entrance
and exit of the secondary reciprocal-lattice points on the
Ewald sphere under  rotation. From the symmetry mirrors,
one can determine the exact positions of the XRMD peaks, i.e.
the secondary reflection contributions. The angular position
and intensity distribution between the secondary peaks and
the symmetry mirrors are crucial for most applications of the
technique, for example to obtain structural information such
as lattice parameters, symmetry distortion and misorientation
of perfect-crystal regions. When a peak in an RS represents an
interaction of the incident, primary and secondary diffracted
beams, it shows up as a three-beam peak (also called the three-
beam case). However, one can have two or three secondary
beams simultaneously interacting to provide four- or five-
beam cases (or even cases for n > 5 interacting beams), with
these secondary beams being either Bragg (reflected) or Laue
(transmitted) cases.
A special case of the XRMD phenomenon is Bragg surface
diffraction (BSD), a three-beam case in which the secondary
diffracted beam propagates parallel to the crystal surface
under an extremely asymmetric geometry (Jen & Chang, 1992;
Chang, 2004; Huang et al., 2014). The BSD reflections, which
appear as peaks in an RS, carry information on the crystal
surface and even on a material interface (layer/substrate) in an
epitaxial structure (Morelha˜o et al., 1991; Morelha˜o &
Cardoso, 1993, 1996; Sun et al., 2006; de Menezes et al., 2010).
2.1. Secondary peak position in a Renninger scan
The identification of the Miller indices of multiple diffracted
secondary reflections, i.e. the determination of the angular
positions of all possible secondary reflections, was first
research papers
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Figure 1
(a) A representation of X-ray multiple diffraction in reciprocal space for the three-beam simultaneous case. (b) The two diagrams show the HRef
reference vector and the components of the Hs and K0 vectors perpendicular to the Hp primary vector.
presented by Cole et al. (1962). The indexing is performed by
calculating the  angle through which the crystal must be
rotated from a predetermined origin until a node of the
reciprocal lattice reaches the Ewald sphere. This prede-
termined origin is given by a reference vector HRef, which
must be perpendicular to the vector normal to the primary
planes of the crystal and towards the perpendicular compo-
nent of K0 [Fig. 1(b)]. Also from this figure, it is possible to
obtain the angular position of a multiple diffraction peak
corresponding to any (hs, ks, ls) secondary plane, for a fixed
wavelength , in terms of the * angle. Note that 2* (in the
Ewald sphere equatorial plane) is the angle between the
entrance and exit of a reciprocal-lattice point on the Ewald
sphere. From the figure geometry,
cos  ¼  Hs?  K0?
Hs?
  K0?  ; ð1Þ
where Hs? = Hs  Hsjj and K0? = K0  K0jj. Since
Hsjj ¼ ½Hs  ðHp=H2pÞHp and K0jj =Hp/2 are the components
of the Hs and K0 vectors, respectively, parallel to the Hp
primary vector, the respective perpendicular components
assume the form
Hs? ¼ Hs  Hs 
Hp
H2p
 !
Hp ð2Þ
and
K0? ¼ K0 þHp=2: ð3Þ
Substituting equations (2) and (3) into equation (1), the
angular position is given by
cos  ¼
Hs  K0 þHs  ðHp=2Þ  Hs  ðHp=H2pÞ
 
Hp  K0 Hs  ðHp=2Þ
Hs Hsjj
 1=2 ð1=2Þ  ðH2p=4Þ 1=2 :
ð4Þ
Also, from Fig. 1
Hs  K0 ¼ H2s =2 ð5Þ
and
Hp  K0 ¼ H2p=2: ð6Þ
Substituting equations (5) and (6) into (4) one obtains an
expression for the angular position of the XRMD peak in an
RS as
cos  ¼ 1
2
H2s Hs Hs
H2s H2sjj
 1=2 ð1=2Þ  ðH2p=4Þ 1=2 : ð7Þ
The secondary peak position in an RS is given by  = 0 	 *,
where the sign 	 corresponds to the entrance () and exit (+)
of a secondary reciprocal-lattice node on the Ewald sphere by
a  azimuthal angle rotation. 0 is the angle between Hs? (the
component ofHs on a plane perpendicular toHp) and theHRef
reference vector. Therefore, by choosing the HRef reference
vector one can determine the 0 angle as
cos0 ¼
Hs? HRef
jHs?j jHRefj
: ð8Þ
An interesting case occurs when two of the secondary
reflections (being simultaneously scattered; a four-beam case)
present a small * angle, i.e. the angle between the entrance
and exit of the secondary beam nodes on the Ewald sphere is
small. Small * angles indicate a high sensitivity to small
distortions in the unit cell. This means one can obtain better
accuracy in the determination of the lattice-parameter varia-
tion through the angular position shifts of the reflection peaks
in an RS. Small * angles are thus fundamental for this work.
From this approach, programs have been developed to
allow for RS indexing with some input parameters. They
generate tables with the secondary peaks indexed, with the
angular positions and secondary and coupling contributions
ordered by their  angular values, and with the corresponding
* angle values. The UMWEG program based on the kine-
matic theory makes possible the calculation and graphical
representation of an RS, and it is very useful for calculating
these patterns (Rossmanith, 1986, 2003).
The required input data for the Rochelle salt in the present
work were crystal lattice parameters, space group, crystal
atomic positions, Debye–Waller temperature factor, wave-
length of the incident beam, primary reflection, reference
vector, incident-beam divergence parallel and perpendicular
to the primary diffraction plane, and information on the
sample mosaic block radii and mosaic spread. For synchrotron
radiation, besides the wavelength and its spread () and the
polarization corrections, monochromator information such as
the unit cell, the Miller indices of the reflecting (hkl) plane and
its corresponding structure factor is needed.
2.2. Multiple-diffraction-peak position for a Rochelle salt
crystal
The angular position of a multiple diffraction peak corre-
sponding to any secondary plane for a fixed wavelength  is
given by equation (7). In the case of a monoclinic crystal ( =
 = 90 6¼ ) such as the Rochelle salt in the temperature
range between 18 and 24C, the primary and secondary
vectors are described as
Hp ¼
hp
a sin
a^þ kp
b
b^þ lp
c sin 
c^ ð9aÞ
and
Hs ¼
hs
a sin 
a^þ ks
b
b^þ ls
c sin 
c^; ð9bÞ
where a^, b^ and c^ are the unit vectors in the a, b and c directions,
respectively. By considering (hp00) as the primary reflection
plane, the angular position of multiple diffraction peaks in
equation (7) assumes the form
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cos ¼ 1
2
hs hs  hp
 
a2 sin2 
þ k
2
s
b2
þ l
2
s
c2 sin2 
 ls 2hs  hp
 
cos
ac sin2 
 
,
k2s
b2
þ l
2
s
c2
	 

1
2
 h
2
p
4a2 sin2 
	 
 1=2( )
: ð10Þ
For an orthorhombic structure such as the Rochelle salt in the
orthorhombic phase (T > 24C), the primary and secondary
vectors are written as
Hp ¼
hp
a
a^þ kp
b
b^þ lp
c
c^ ð11aÞ
and
Hs ¼
hs
a
a^þ ks
b
b^þ ls
c
c^: ð11bÞ
By considering (hP00) as the primary reflection plane, the
* angular position assumes the form
cos  ¼ hs hs  hp
 
=a2
 þ k2s=b2ð Þ þ l2s =c2ð Þ
k2s=b
2ð Þ þ l2s =c2ð Þ
 
1=2ð Þ  h2p=4a2
   1=2 : ð12Þ
3. Experimental
A Rochelle salt single crystal with dimensions of 5.0 
 2.5 

1.5 mm (the narrowest dimension is the face where the inci-
dent X-ray beam diffracts) was used in the experiments.
Rocking curves (! scan) and RSs ( scan) were carried out on
the XRD1 beamline at the Brazilian Synchrotron Radiation
Facility (LNLS) in Campinas, SP, Brazil, using an incident
beam wavelength of  = 1.4984 (5) A˚ as defined by an Si(111)
channel-cut monochromator. A Huber multi-axis (!, , )
diffractometer was used, which also offers rotation ( axis)
around the primary-beam direction from 0 to 90, allowing for
polarization measurements. This diffractometer provides high-
resolution scans with step sizes of 0.0002 and 0.0005 in the !
and  axes, respectively. No slits or analyser crystals were
introduced into the diffracted beam path towards the detector.
The weak 10 0 0 reflection of the Rochelle salt was chosen
as the primary plane reflection for each rocking curve and RS.
For comparison purposes, a theoretical rocking curve for the
10 0 0 reflection convoluted with that of the double-crystal
monochromator was calculated using the ray-tracing method
and dynamical theory (Bergmann & Kleeberg, 2002; Zuev,
2006). The FWHM was about 0.0063, whereas the FWHM of
the incident beam profile was about 0.001.
The experiments were conducted in both ferroelectric and
paraelectric phases of the Rochelle salt. Renninger pattern
regions around  = 0 and 90 were monitored while the
temperature was varied between 13 and 40C. The developed
measurement system is shown in Fig. 2: it consists of a Peltier
cell to generate a uniform heat flow through the sample, and a
type T thermocouple (copper/Constantan) to measure the
temperature. It allows control of the variation in sample
temperature during rocking-curve and RS measurements. The
temperature stability was better than	0.5C. Thermal contact
between the sample and the Peltier cell was established using
thermal conducting paste. The heat flow was applied parallel
to the sample faces, as shown in Fig. 2(a). In Fig. 2(b), the
incidence angle (!), the azimuthal rotation angle (), the n
normal vector to the primary planes and the HRef reference
vector are illustrated. K0 represents the incident beam and Kp
the diffracted primary beam.
4. Results and discussion
Initially, rocking curves (! scan) using the 10 0 0 symmetrical
reflection [Fig. 3(a)] were obtained over a temperature range
between 13 and 40C, i.e. below (monoclinic) and above
(orthorhombic) the expected transition temperature of
T ’ 24C. A shift is observed in the angular position of the
10 0 0 reflection peak, which carries information along the
out-of-plane direction, towards lower angles with increasing
temperature, indicating an increase in the interplanar distance.
Fig. 3(b) shows the maximum peak position (!max) as a
function of temperature. There appears to be a discontinuity
in the linear expansion of the lattice planes around 25C,
suggesting a structural phase transition near this temperature,
but this assumption needs to be clarified.
For each temperature value, a complete sample alignment
was carried out, and the corresponding RS patterns were
obtained at the maximum rocking-curve peak position. The
positions of the symmetry mirrors and of the secondary
reflections were identified by their angular position in the
indexed RS pattern related to the [001] reference vector
(defined in the sample) which lies on the incidence plane
(perpendicular to the primary vector). The reference vector
allows us to list the ordered rotation angles of all possible
secondary reflections that contribute to the Renninger
pattern. This procedure is crucial since the adequate choice of
secondary reflections can provide the lattice expansion asso-
ciated with each crystallographic direction. Note that the
primary intensity measured in the rocking curves [Fig. 3(a)]
will be the background intensity of the Renninger measure-
ments. As the weak 10 0 0 reflection of the Rochelle salt was
selected as the primary plane reflection for the scans, it will
mainly show positive peaks in the RS. This makes it easier to
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Figure 2
(a) The setup for applying temperature, allowing both rocking-curve and
RS measurements. (b) A cross section of the sample coupled to the
temperature system. The incidence angle (!), the azimuthal rotation
angle (), the n normal vector to the primary reflection planes and the
HRef reference vector are indicated in the figure. K0 symbolizes the
incidence beam and Kp the diffracted primary beam.
realign the sample and also to obtain the lattice-parameter
variation.
Figs. 4(a) and 4(b) show the angular regions around the  =
0 and 90 symmetry mirrors for temperatures of 13C
(monoclinic phase) and 40C (orthorhombic phase), and
the corresponding Miller indices of the secondary plane
reflections calculated by the UMWEG program. Fig. 4(a)
displays a typical RS portion around the  = 0 mirror where
one can observe that most reflections shift with increasing
temperature. Nevertheless, this symmetry mirror is not a good
choice for detecting a phase transition as a result of the
emergence of new secondary reflections. On the other hand,
the  = 90 mirror [Fig. 4(b)] looks promising to provide such
information by expanding the outlined region.
Fig. 5 depicts two enlarged regions selected in Fig. 4(b)
around  = 76.9 and  = 78.4 for all measured temperatures
where the second-order phase transition could be confirmed.
The diagrams are indexed and compared with the calculated
ones. Between 17 and 25C [Fig. 5(a)], the beginning of a
broadening profile and the splitting of the ð000Þ ð10 0 0Þ ð812Þ
ð212Þ four-beam case diffraction line are observed as a result
of the transition from monoclinic to orthorhombic. In this
four-beam notation, the Miller indices mean the incident,
primary and two secondary plane reflections being simulta-
neously scattered. The new four-beam peak arising from the
splitting, indexed as ð000Þ ð10 0 0Þ ð901Þ ð101Þ, corresponds to
the orthorhombic phase contribution. Above T = 25C, only
shifts in the angular position for that reflection with increasing
temperature are seen. As well as the angular shifts in the
ð812Þ ð212Þ and ð602Þ ð402Þ secondary peaks concerning the
mirror, Fig. 5(b) also shows the appearance of the ð032Þ
ð10 3 2Þ secondary peak close to the transition temperature.
Note that, in the phase transition study, some secondary peaks
shift in opposite directions with the same temperature varia-
tion. This shows the three-dimensional capability of the
XRMD technique, since several crystallographic planes are
simultaneously in the diffraction condition within the single
crystal.
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Figure 4
Indexed (10 0 0) RS around symmetry mirrors: (a)  = 0 and (b)  = 90
for temperatures of 13C (monoclinic phase) and 40C (orthorhombic
phase). The selected region for detailed analysis is highlighted by the
dash–dotted blue line.
Figure 3
(a) Rocking curves of the 10 0 0 symmetrical reflection of the Rochelle
salt and (b) the trend in the maximum peak position as a function of
temperature.
Another very interesting RS region, shown in Fig. 6,
presents a four-beam case that is extremely sensitive to
temperature variation, the ð241Þ ð12 4 1Þ peak, owing to its
small * angle (35.17). This is the smallest angle observed
around the  = 90 symmetry mirror. The smaller the * value,
the higher the sensitivity in detecting subtle distortions or
unit-cell expansions. A precise lattice-parameter determina-
tion by means of the small * can then be applied as a probe
for structural changes occurring in the crystal. In addition,
small values of * usually originate from high (hs, ks, ls)
indexes. In Fig. 6, the remarkable temperature dependence of
the ð241Þ ð12 4 1Þ four-beam peak can be seen.
The experimental RS patterns were compared with the ones
calculated using the UMWEG program. An excellent agree-
ment in the angular position is verified between the two plots,
except for the ð241Þ ð12 4 1Þ peak intensities. This indicates
that the crystal cell parameters determined from measured
secondary peaks provide reliable results. The idea is to select
two secondary reflections to determine each lattice parameter
by using the Miller indices (of peaks possessing the smallest *
values) to form a set of three equations with three variables to
be solved. In summary, a, b and c lattice parameters are
calculated from measurements of the * angles of the selected
reflections, for the assumed wavelength  = 1.4984 (5) A˚, by
solving the set of equations. For the orthorhombic Rochelle
salt, the following secondary reflections (four-beam simulta-
neous cases) were used to access the lattice parameters:
ð241Þ ð12 4 1Þ (* = 35.17), ð252Þ ð12 5 2Þ (* = 36.7) and
ð141Þ ð11 4 1Þ (* = 57.09) for temperatures of 25, 30 and
40C, respectively. The respective lattice parameters are listed
in Table 1.
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Figure 5
Selected regions (measured and calculated) showing in detail the angular
position shifts and the emergence of new secondary reflections in (a)  =
76.5–77.3 and (b)  = 78.16–78.64, i.e. showing the occurrence of the
Rochelle salt phase transition from monoclinic to orthorhombic.
Figure 6
Indexed RS patterns (experimental and calculated) around  = 84.8,
evidencing the temperature effect in the ð241Þ ð12 4 1Þ sensitive four-beam
case.
Table 1
The variation in lattice parameters as a function of temperature obtained
using simultaneous four-beam cases.
Lattice parameters (A˚)
Temperature (C) a b c
25 11.8967 (7) 14.2705 (8) 6.2294 (5)
30 11.9006 (7) 14.2721 (9) 6.2304 (5)
40 11.9080 (6) 14.2788 (8) 6.2338 (5)
From the lattice parameter values obtained using equation
(12) with small * angles, the linear thermal expansion coef-
ficients for each basic crystallographic direction, defined by
the equations below, were calculated by least-squares fitting of
the lattice parameters to a linear function:
½100 ¼
1
a
da
dT
	 

; ½010 ¼
1
b
db
dT
	 

; ½001 ¼
1
c
dc
dT
	 

: ð13Þ
Fig. 7 shows a plot of the L/L lattice-parameter variation
(i.e. a/a, b/b and c/c) as a function of temperature
variation where the [100], [010] and [001] coefficients are
determined. The  values, given in Table 2, represent the
angular coefficients of each straight line fit – the slope of the
tangent of the L/L versus T plot. The findings agree well
with the previous results reported in the literature (Imai, 1976;
Wlodarz et al., 1988). The water molecules are engaged in
closed hydrogen-bond loops connecting neighbouring tartrate
molecules along the a crystallographic direction. Therefore, a
larger thermal expansion in the a direction is justified by the
hydrogen bonds. On the other hand, the thermal expansion
along the other axes of the Rochelle salt crystal is lower since
the interaction between the molecules here is highest
(Ubbelohde & Woodward, 1946).
Summing up, the sensitivity, usefulness and versatility of
this method based on X-ray multiple-beam diffraction should
be emphasized. It has been successfully applied in the study of
a structural phase transition and in the determination of
thermal expansion coefficients along three crystallographic
directions simultaneously, i.e. without having to carry out
measurements on each crystal axis.
5. Conclusions
The advantages of the three-dimensional capability and the
sensitivity of XRMD associated with the unique character-
istics of synchrotron radiation were applied to the study of the
external thermal stimulus in a single crystal. The angular
position shifts of multiple reflections (four-beam cases where
two secondary reflections are simultaneously scattered)
observed in RS patterns allowed us to monitor the structural
phase transition, as well as to detect simultaneously tiny lattice
deformations in the three crystallographic directions due to
temperature variation.
In this work, the results of the application of XRMD to the
case of a Rochelle salt crystal were presented, and the excel-
lent agreement between the experimental and calculated data
shows that the determined crystal cell parameters are very
reliable.
Although the UMWEG program, used to simulate RS
patterns, is based only on the kinematic X-ray theory, it has
been able to access the lattice-parameter variation with good
precision by calculating the angular positions of secondary
reflections in the patterns. Therefore, precise lattice-
parameter measurements can be obtained when simultaneous
four-beam cases are used. Here, secondary reflection shifts
were turned into high-resolution unit-cell parameter deter-
minations, and then the thermal expansion coefficients were
determined under a single experimental condition. In contrast,
in the two-beam diffraction case, one would need to analyse
three samples, each one cut in a chosen crystallographic
direction to allow for the one-directional expansion of the
crystal.
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